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Introduction
Polymer nanocomposites consist of at least one of the phases with a dimension of nanoscale range (<100 nm) dispersed in a continuous polymer matrix. Polymer nanocomposites have been heavily studied for a wide range of uses, from water treatment (Pandey, Shukla, & Singh, 2017) and energy storage (Riggs et al., 2015) to biomedical applications (Zare & Shabani, 2016) , due to their unique mechanical, chemical, optical, thermal, electrical and biological properties (Camargo, Satyanarayana, & Wypych, 2009; Müller et al., 2017) . Different methods have been developed to produce polymer nanocomposites such as melt mixing (Jordan, Jacob, Tannenbaum, Sharaf, & Jasiuk, 2005) , solution casting/evaporation (Kargarzadeh et al., 2017) , in situ polymerisation (Jordan et al., 2005) and sol-gel process (Müller et al., 2017) .
Selection between those techniques is mainly dependent on the polymer matrix.
Highly transparent polymer nanocomposites have been developed utilising various nanoparticles, e.g. quantum dot (C. Liu et al., 2017) , silver nanowires, graphene oxide (Tematio, Fosso, Krähenbühl, & Schintke, 2016) , zinc sulphate (Cheng et al., 2008) , gold (Ehlert, Stegelmeier, Pirner, & Förster, 2015; Khalil, Homaeigohar, Häußler, & Elbahri, 2016) , nanoclay (Aulin, Salazar-Alvarez, & Lindstrom, 2012) , silica and silica-titania (Y.-Q. Li, Fu, Yang, & Mai, 2008) , for different applications including gamma scintillation, medical (C. Liu et al., 2017) , photovoltaics, printed organic electronics, optical and optoelectronic devices (Tematio et al., 2016) . The high transparency of highly-loaded (up to 60 w%) nanocomposites was achieved by using in situ polymerization process (Althues, Simon, & Kaskel, 2007; Cheng et Liu et al., 2017) and/or surface modification of the nanoparticles (Bin, Sugihara, Elim, Adschiri, & Kaino, 2011; Dang et al., 2014) .
Agglomeration and a lack of dispersion of the nanoparticles remain as one of the main challenges in manufacturing polymer nanocomposites (Y. Liu et al., 2015) . Absence of chemical interaction between the phases and smaller aspect ratio nanofillers can lead to limited mechanical properties of the nanocomposites produced (Qiang, Chunfang, JianZun, & Yuan, 2004) . It is expected that the mechanical properties of the nanocomposites will increase by increasing the aspect ratio of the nanofiller (Cipiriano et al., 2007; Yu et al., 2017) .
Therefore, carbon nanotubes (Sahoo, Rana, Cho, Li, & Chan, 2010) , cellulose nanowhiskers (CNWs) (Santamaria-Echart et al., 2017) and hydroxyapatite nanorods (Yang et al., 2017) would be anticipated to have significantly greater reinforcement effects than nanospheres for example (Hassanabadi & Rodrigue, 2014) . Several attempts have been made to enhance the dispersion and chemical interaction between polymer matrix and nanoparticles via surface treatment of the nanoparticles (D. Liu, Pourrahimi, Olsson, Hedenqvist, & Gedde, 2015) . The nanoparticles show good dispersion in solution such as water, however then commonly tend to agglomerate during drying either at room temperature, in ovens or using freeze drying processes (Rahman, Vejayakumaran, Sipaut, Ismail, & Chee, 2008) .
Consequently, using an alternative process involving nanoparticle suspensions could result in enhanced nanoparticles distribution within polymer matrices, thus leading to advanced mechanical properties.
CNWs are usually produced via acid hydrolysis of cellulose based raw materials such as cotton, wood and ramie (George & Sabapathi, 2015; Trache, Hussin, Haafiz, & Thakur, 2017; Xu et al., 2013) . Their aspect ratio, ratio of length to diameter or width, varies from 2 to 200 depending on the source of the cellulose and acid hydrolysis parameters (types of acid, hydrolysis period and temperature) (Trache et al., 2017) . CNWs were selected here as a reinforcement due to their greater theoretical tensile strength, ca. 7.6 GPa, compared to Kevlar fibres and steel wires (Trache et al., 2017) . Their elastic modulus was determined using AFM and found to be approximately 150 GPa (Iwamoto, Kai, Isogai, & Iwata, 2009; Trache et al., 2017) . Due to these mechanical properties and aspect ratio, CNWs could be regarded as ideal natural, renewable, cytocompatible and biodegradable nanomaterials (Trache et al., 2017) . Geometry and microstructure of CNWs were reported to be strongly influenced by the drying conditions (Khoshkava & Kamal, 2014) . CNWs whilst suspended in water, showed a needle shaped morphology with average length of ca. 170 nm and 15 nm diameter (George & Sabapathi, 2015) . Small spherical shapes have been obtained by spray drying of CNWs, whilst freeze drying yielded larger flake shaped samples (Khoshkava & Kamal, 2014) showing the aspect ratio and morphology of CNWs can be significantly affected by the drying process.
CNWs also tend to agglomerate and form large flakes at the drying step of production due to their high surface energy and specific surface area (Khoshkava & Kamal, 2014) . Therefore, it would be considered highly desirable to use CNWs in suspension form to maintain their unique nano morphologies.
Agarose is a natural, biocompatible polymer obtained from seaweed (Cao, Gilbert, & He, 2009 ). Agarose has been heavily utilised in hydrogel form for electrophoresis purposes (Corthell, 2014) . It has also been investigated as 3D porous constructs for biomedical applications such as regeneration of cartilage (Gadjanski, Yodmuang, Spiller, Bhumiratana, & Vunjak-Novakovic, 2013) , wound healing (Awadhiya, Tyeb, Rathore, & Verma, 2017) and neural tissue engineering (Cao et al., 2009 ). Very few studies have explored the properties of agarose in dried thin sheet form. A highly transparent film of agarose can be obtained by drying the hydrogel at room temperature (Z. Z. Wang et al., 2010 b) .
Agarose has excellent optical transparency, film-forming ability, high mechanical strength (Z. Wang et al., 2010 b) and most interestingly it follows sol-gel transition at ca. CNWs have been effectively incorporated into numerous biodegradable polymers e.g. poly lactic acid (PLA) , poly caprolactone (PCL) (Boujemaoui et al., 2017) , polyvinyl acid (PVA) (W. J. Lee, Clancy, Kontturi, Bismarck, & Shaffer, 2016) , chitosan (Celebi & Kurt, 2015) and agar (Atef, Rezaei, & Behrooz, 2014) , revealing a significant enhancement in mechanical and physical properties of their nanocomposites. Water soluble natural biopolymers reinforced with CNWs have been explored for wound dressing and drug coating and delivery applications (Zakir Hossain et al., 2012) .
Highly transparent agarose films containing polyoxometalates were investigated as photochromic materials for high-density memory devices and portable high-resolution Wang et al., 2010 b (Xiaodong et al., 2005) . Good agreement was observed for elastic moduli obtained from tensile and flexural tests. The elastic modulus of the nanoclay reinforced agarose increased gradually to 21.4 GPa, six times higher than plain agarose alone, with 60 wt% of nanoclay concentration, whereas ductility (failure strain) for the composites decreased from 0.24 to 0.02 as the concentration of nanoclay increased to 40 wt% (Xiaodong et al., 2005) .
The influence of incorporating dried CNWs on the mechanical and physical properties of agar was explored (Atef et al., 2014; Oun & Rhim, 2015) . Tensile strength and modulus of the agar films increased by 25% and 40% by inclusion of 5wt% of CNWs, whilst the optical transmittance decreased by ca. 18%. Both studies concluded that 5 wt% of CNWs was the highest content to enhance or even maintain the mechanical properties of agar films.
In this study, highly transparent nanocomposite films based on agarose and never-dried (i.e. in aqueous suspension) CNWs (used as reinforcement) were prepared using solution casting/evaporation method at higher concentrations of CNWs (0, 16, 28 and 43 wt%). The influence of CNWs inclusion on the morphological, surface roughness, light transparency, crystallisation, mechanical, thermo-mechanical and swelling kinetic properties of Agarose/CNWs blended films were investigated. 
Materials and methodology

Materials
Preparation of cellulose nanowhiskers (CNWs)
The CNWs were produced by acid hydrolysis of cotton using aqueous sulfuric acid (64 wt%) for 45 min under continuous stirring Hossain et al., 2014 ). The residual acid was then removed from the hydrolysed CNWs suspension via centrifugation (three cycles at 10,000 rpm at 10 o C for 20 min using de-ionised water) and dialysis under running tap water for 48 h. The CNWs/water suspension was then dispersed utilising a Branson sonicator Lee & Bismarck, 2012) . On the other hand, dried crystalline CNWs were also produced via a freeze-drying process after freezing in liquid nitrogen as described elsewhere (Labet & Thielemans, 2011) .
Preparation of aqueous CNWs reinforced agarose films
The aqueous cellulose nanowhisker reinforced agarose films (Agarose-CNW) were prepared by solution casting followed by film drying process, see Final concentration of the CNWs (wt%) within various Agarose-CNW nanocomposites was then calculated and have been tabulated (please see Table 1 ). The number used for the sample codes was considered according to the calculated weight fraction of CNWs within the nanocomposites. 
Characterisation Electron microscopic analysis
The surface morphology of freeze-dried CNWs was examined using scanning electron microscopy (SEM -Philips XL30, FEI, USA) at an accelerating voltage of 12 kV and a working distance of 10 mm. A sputtered platinum coating was employed to avoid image distortion due to charging.
The morphology of the never-dried CNWs was characterised using transmission electron microscopy (TEM, JEOL, 2000FXII, UK) at an accelerating voltage of 80 kV. The never-dried
CNWs sample loaded on Cu-grid (mesh size 300) was stained negatively with 2 wt% uranyl acetate (Sigma-Aldrich, UK) to enhance the contrast.
Atomic force microscopy (AFM) analysis
AFM micrographs and roughness measurements of Agarose-CNW nanocomposite films were performed in tapping mode utilising a Bruker Dimension Icon equipped with AFM tips (model RTESPA-150 0.01-0.025 Ohm-cm Antinomy (n) doped Si). All measurements were carried out over a scan area of 2 and 5 μm 2 . The micrographs obtained were analysed using Nanoscope analysis software (Version 1.5) and roughness analysis (R a ) was determined from at least three scans.
Light Transmittance
Light transparency property of the Agarose-CNW nanocomposite films was determined by measuring the light transmittance using a UV-Vis spectrometer (PerkinElmer, over the wavelength range of 200 to 800 nm.
Polarised light microscopy and image analysis
Polarised optical microscope (Nikon Eclipse LV100ND, Nikon Instruments, Japan) equipped with a Nikon digital sight DS-Ri1 camera and a NIS Elements software (version 4.1) was used to examine the crystalline morphology of Agarose-CNW nanocomposites films. A small piece of film was placed on a microscope glass slide and the images were captured in transmission
mode between crossed polarisers at 20x optical magnification. A fixed intensity of incident light and an exposure time of 60s were used for all specimens.
X-ray diffraction (XRD) analysis
X-ray diffraction patterns for Agarose-CNW nanocomposites were determined using a D500 
Fourier transform infrared spectroscopy (FTIR)
The functional groups present in CNWs, pure Agarose and their nanocomposite films were identified using a FTIR spectrometer (Tensor-27, Bruker, Germany) equipped with a standard attenuated total reflectance (ATR) cell (Pike Technology, UK). The films were scanned in transmittance mode over the wavenumber range from 4000 to 550 cm -1 and the spectra were analysed using OPUS™ software (version 5.5).
Tensile properties
Tensile properties of Agarose-CNW films were determined using an Instron tensile testing machine attached with a 100 N load cell at speed of 1 mm min 
Thermo-mechanical properties of the Agarose-CNW films were measured using a DMA tester (TA Q800 Instruments, USA) in multi-frequency strain mode to investigate the storage modulus (E') and tan delta of the flexible films with increasing temperature. Rectangular test specimens (25 mm length and 4 mm width) were heated from room temperature to 280 o C at a heating rate of 10 o C min -1 , 0.05% strain, 15 mm gap distance, 0.01N preload force, 1 Hz frequency and 125% force track.
Swelling kinetics
The swelling capacity of the pure Agarose and Agarose-CNW nanocomposite films (10 mm disc) were calculated gravimetrically by measuring the variation in mass of the sample after soaking in phosphate buffered saline (PBS) media (10 ml) at 37 o C for 24 h using Equation 2.
At each time point, the wet samples were taken out from the media and placed onto tissue paper, blot dried and weighed immediately. where, M i is the initial mass of the dry specimen before immersion in PBS media and M w is the mass of wet specimen at each time point after soaking in PBS media.
Results and Discussion
Morphology and surface topography of CNWs
The morphology and surface topography of freeze-dried CNWs were characterised using SEM and AFM micrographs. The freeze-dried CNWs exhibited flake-like morphology at micronrange size due to the aggregation nature of CNWs (Khoshkava & Kamal, 2014) as seen in Figure 2a . The 2D AFM images (height) of the freeze-dried CNWs presented in Figures 2b also revealed aggregated morphology with a surface roughness value of 75 ± 7 nm from the 3D AFM image (see Figure 2c) . On the other hand, TEM image of the aqueous CNWs suspension produced is presented in Figure 2d which revealed rod-like particles with average length and width approximately 300 ± 100 nm and 10 ± 2 nm, reported previously .
Individual rod-like morphology with the percolated network was also seen via the 2D AFM image of aqueous CNWs (see Figure 2e ) and their surface roughness was found to be 11 ± 3 nm obtained from the 3D AFM image presented in Figure 2f . 
wt%), and e-f) AFM images of neverdried CNWs, 2D (e) and 3D (f).
Pure cellulose nanowhisker films were also produced from both freeze-dried and never-dried CNWs suspension (1.15 wt% in deionised water) via drying process at room temperature to observe their optical transparency. The freeze-dried CNWs film appeared to be white with a paper-like opaque appearance (see the supplementary figure, ESI 1a). This was in well agreement with the aggregated morphology and comparatively higher surface roughness (75 ± 7 nm) of the freeze-dried CNWs obtained via SEM and AFM images (as presented in Figures   2a-c) . Alternatively, the aqueous CNWs prepared film presented in the supplementary figure (ESI 1b) was observed to be translucent which was suggested to be due to their well dispersed rod-like CNW structures as well as their comparatively lower surface roughness (11 ± 3 nm).
However, both films obtained from freeze-dried and aqueous CNWs were brittle and cracked during the drying stage as seen in the supplementary figure (ESI 1).
Light transparency
Considering the suggested better dispersion and superior light transparency properties of the aqueous CNWs over the freeze-dried CNWs films (Atef et al., 2014) , then various contents of aqueous CNWs were blended with Agarose to investigate the production of flexible and 
Surface roughness and polarised light micrographs
The surface topography of the Agarose-CNW films was also characterised by AFM analysis and the 3D AFM surface topography images are presented in Figures 4a-d . The surface roughness (Ra) of the pure Agarose film was found to be 8 ± 2 nm, whereas, the nanocomposites exhibited surface roughness of 7 ± 2 , 7 ± 2 and 15 ± 3 nm for Agarose-16 CNW, Agarose-28 CNW and Agarose-43 CNW films, respectively. The addition of up to 28 wt% aqueous CNWs within the nanocomposite films showed no significant change in their surface roughness, which correlated with the optical transparency properties (89-91% transmittance at 650 nm wavelength). However, a significant increase in surface roughness 15 ±3 nm was found for the film containing 43 wt% aqueous CNWs suspension. This was attributed to the Polarised light micrographs revealed clear morphological differences between the pure Agarose and nanocomposite films containing varying quantities of CNWs (see Figure 5) . A blank image of the crossed polarisers (completely black, seen in Figure 5a was also carried out without any samples present. Absent of any white dots or bright field in the control Agarose film (see Figure 5b ) indicated absence of any crystalline domains within the matrix. The nanocomposite films (see Figures 5c-e) revealed distribution of bright areas with a number of white dots within the films which was attributed to the birefringence arising from crystalline domains of the CNWs (Chowdhury, Peng, & Youngblood, 2017 ). An increase in the brightness for the nanocomposite films indicated that the dispersion of CNWs increased with an increase
in their content within the agarose matrix. However, an increasing number of white dots within the higher CNW-content films were observed. These were suggested to be due to the self-association nature of CNWs and the high CNW content within the composites (Parker et al., 2016) . These limited aggregations in the nanocomposites was expected with increasing cellulose content and correlated well with the surface roughness and optical transparency properties of the nanocomposite films obtained. A similar aggregated morphology was also reported for high CNWs content (up to 75 wt%) flexible films prepared using CNWs and hydroxyethyl cellulose (Zakir Hossain et al., 2012) . Aqueous CNWs films also showed a pattern of bright field and distribution of white dots (as presented in Figure 5f ) due to their homogeneous dispersion and a percolated network of these larger domains (Xu et al., 2013) . 
FTIR analysis
The functional groups of the CNWs, pure Agarose and the nanocomposite films were identified using FTIR-ATR analysis as presented in Figure 7a . The pure Agarose film exhibited a characteristic broad band around 3100-3550 cm -1 with highest peak at 3363 cm -1 which was attributed to -OH stretching vibration. Pure CNWs also showed a similar broad spectrum peak 
at 3336 cm -1 was attributed to free -OH stretching vibration (Trivedi, Rao, & Kumar, 2014) . In case of the Agarose-CNW nanocomposites, peaks associated with the -OH stretching vibration were also observed at 3336 cm -1 (-OH stretching vibration peak of the CNWs), which was suggested to be due to the formation of hydrogen bonds between -OH groups of CNWs and agarose as indicated in Figure 7b . Similar types of hydrogen bonding were also reported for agarose-chitosan blends (Trivedi et al., 2014) . The bands at 2900 cm -1 and 1429 cm -1 indicated the C-H stretching (for both agarose and CNWs) and bending of -CH 2 (agarose only) groups, respectively. The peak at 1162cm -1 was attributed to the C-O-C stretching bridge of glucose ring structure of cellulose. The bands at 1057 cm -1 and 1032cm -1 represented the C-O stretching at position C-6 and C-3 in the saccharide structure, respectively (Q. Li, Zhou, & Zhang, 2009 ). Agarose-CNW nanocomposites also showed the characteristics absorbance bands of agarose at 931 cm -1 (due to 3,6-anhydrogalactose bending), 1151 and 1040 cm -1
(attributed to C-O stretching vibration) (Chaudhary, Vadodariya, Nataraj, & Meena, 2015) and 1635 cm -1 (due to the C=O stretching vibration) (Trivedi et al., 2014) . 
Mechanical properties
The tensile properties of the nanocomposite films are shown in Figure 8a , where all the Agarose-CNW nanocomposite films displayed an increase in tensile strength and modulus properties when compared to the pure Agarose film. For example, ca. 30% and 90% increase in tensile strength and modulus was observed for Agarose-16 CNW compared to pure Agarose film (tensile strength 46 ± 2 MPa and modulus 1.7 ± 0.1 GPa). An increase in tensile properties was expected due to the reinforcing effect of the CNW nanofillers (longitudinal tensile modulus of cotton based CNWs 57-105 GPa (Rusli & Eichhorn, 2008) Wave number (cm -1 ) Agarose-43 CNW film (4.2 ± 0.1 GPa) compared to Agarose-28 CNW film (4.1 ± 0.3 GPa) was insignificant. This was suggested to be due to the tendency of CNWs to agglomerate (Xu et al., 2013) within the matrix (at higher CNWs loading content) which was in a good agreement with observations from the polarised light microscopy images.
From the stress-strain curves (see Figure 8b) , a decrease in strain at break was seen with the addition of CNWs for all Agarose-CNW nanocomposites in comparison with the pure Agarose film, suggesting the addition of CNWs made the Agarose-CNW nanocomposite films relatively rigid (Shumigin, Tarasova, Krumme, & Meier, 2011) , which was expected for nanocomposite materials (Moon, Martini, Nairn, Simonsen, & Youngblood, 2011) . Nanofillers blended with polymer was also reported to improve the storage modulus of the matrix at higher temperatures due to their higher interfacial surface area, and surface induced crystallisation within the nanocomposites (Petersson, Kvien, & Oksman, 2007; Zakir Hossain et al., 2012) .
Tan delta curves of the Agarose-CNW flexible films are presented in Figure 9b . CNW film revealed that the tan delta peaks had shifted slightly to a higher temperature region 
Swelling kinetics
The swelling capacity, i.e. percentage of weight change due to water absorption, of control Agarose and Agarose-CNW nanocomposite films in PBS media at 37 o C with swelling time is presented in Figure 10a . The incorporation of CNWs within the matrix led to a significant decrease in the swelling capacity of the nanocomposites suggesting the presence of a greater degree of CNW-CNW interaction which was believed to decrease the hydrophilicity by reducing the water holding capacity (W. Wang, Wang, Kang, & Wang, 2011; Zakir Hossain et al., 2012) .
A swelling kinetics model (Schott's second order) was also introduced (Equation 3) (Schott, 1992; Zakir Hossain et al., 2012) to evaluate the theoretical swelling capacity and initial swelling rate of the Agarose-CNW nanocomposite films (W. Wang et al., 2011) .
Here, Q t (g/g) denotes the swelling capacity of the films at time t (s), Q ∞ (g/g) is the theoretical equilibrium swelling capacity and K is (g/g) is the initial swelling rate constant.
A plot of t/Q t against t was drawn using the experimental swelling data of Agarose-CNW films (see Figure 10b) Most of the highly transparent polymer nanocomposites reported in the literature were obtained by in situ polymerisation technique and /or surface modification of the nanoparticles (Althues et al., 2007; Bin et al., 2011; Dang et al., 2014; C. Liu et al., 2017) . In this study, a highly transparent Agarose-CNW nanocomposite was achieved, using conventional solution casting method and non-functionalised nanoparticles, benefiting from two characteristics of the nanocomposite constituents; sol-gel property of Agarose and suspension of the non-agglomerated CNWs. It was also found that incorporation of CNWs into the Agarose matrix provided significant increases in mechanical, thermomechanical and 
Conclusions
This study presents a morphological, surface topographical and film forming properties of freeze-dried and aqueous suspended CNWs. The freeze-dried CNWs were seen to aggregate into flake-like geometries with higher surface roughness (R a ~75 nm) compared to the well dispersed needle-like aqueous CNWs (R a ~11 nm). Due to higher surface roughness the freezedried CNWs were found to form a white, opaque and brittle film, while the aqueous CNWs film was brittle and translucent. However, transparent and flexible films based on a range of Agarose-CNWs nanocomposite films were prepared in this study. Incorporation of neverdried CNWs within the matrix was seen to be well dispersed despite some limited aggregation within higher CNWs loaded film (43 wt%), which played an influential role on the surface roughness (R a below 15 nm for all nanocomposite films) and optical transparency properties 
